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contrast enhanced ultrasound
imaging dual-modal microbubbles for diagnosis
and treatment of triple negative breast cancer

Min Bai,†a Yang Dong,†b Hui Huang,b Hao Fu,b Yourong Duan, b Qi Wang *c

and Lianfang Du*a

At present, the treatment of triple negative breast cancer (TNBC) is a worldwide problem, urgently requiring

early precise diagnosis and effective treatment methods. In our study, we designed a type of tumour

targeted dual-modal microbubbles, paclitaxel (PTX)-loaded RGD-lipid microbubbles (PTX@RGD-MBs),

combined with ultrasonic targeted microbubble destruction (UTMD) to precisely diagnose TNBC and to

improve the curative effect. As the first-line drug, PTX, lacking specific tumour targeting and the ability to

be effectively internalized by TNBC cells, is still not effective in killing TNBC cells. For this reason, we

used the tumour active targeting peptide RGD to precisely guide MBs around TNBC cells through the

high affinity to the integrin avb3 receptor, and use UTMD to generate shear stress on cells to open

transient pores in the cellular membrane, so as to improve MB penetration into the cellular membrane.

Sulfur hexafluoride (SF6) as the internal gas of MBs can greatly improve the resolution and sensitivity of

conventional US images through nonlinear harmonics to enhance the comparison between lesions and

surrounding normal tissues. The results in our study demonstrated that RGD-MBs with UTMD were

internalized by TNBC cells more effectively, leading to significant increase in intercellular drug

concentrations of TNBC cells, thus achieving the best inhibitory effect on TNBC cells in vitro. Ultrasonic

experiment showed that PTX@RGD-MBs produced high quality contrast enhanced ultrasound (CEUS)

images in vitro and in vivo, providing a better method for diagnosis and evaluation of the TNBC.

Therefore, we conclude the advantages of excellent anti-tumour effect and CEUS imaging of PTX@RGD-

MBs provided a better application for diagnosis and treatment of TNBC.
Introduction

Triple-negative breast cancer (TNBC) was rst reported in the
literature in 2005,1 which is characterized by the absence of
estrogen receptor (ER), progesterone receptor (PR) and human
epidermal growth factor receptor 2 (HER-2) expression,
becoming one of the new hot spots in the research of breast
cancer. TNBC is highly invasive and prone to recurrence and
metastasis, accounting for about 10–20% of all breast cancers
along with poor prognosis and a lack of standardized treatment
guidelines.2–4 Therefore, early precise diagnosis and effective
treatment methods are urgently required for TNBC nowadays.
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lly to this work.
At present, cytotoxic chemotherapy remains the mainstay
treatment for TNBC. In the National Comprehensive Cancer
Network (NCCN) guidelines, paclitaxel (PTX)-based adjuvant
chemotherapy is still recommended as a rst-line regiment for
treating patients with TNBC by interfering with the mitotic
spindle, resulting in cell cycle arrest and ultimately apoptosis.5,6

However, paclitaxel faces the limitations of negative tumour
targeting ability with strong side effect, and insufficient cellular
internalization with weak lethality to TNBC cells. Herein, an
effective drug carrier system for precisely delivering amount of
PTX into TNBC cells is required to decrease the side effect and
improve the therapeutic effect.7 With good biocompatibility,
ultrasound (US) microbubbles (MBs) are reported to carry both
drugs and inert gas into their lipid layer or hollow space, which
provides a potential approach to combine the treatment and
diagnosis.8–12 Moreover, tumour cells are inclined to internalize
ultrasound microbubbles through ultrasound exposure,
improving intercellular drugs concentration with stronger
curative effect. However, the reported microbubbles are short of
tumour targeting ability resulting to side effect.13,14 Further-
more, owing to the limited hollow space, it may generate the
unbalance of drug loading effect with the gas encapsulation.15
This journal is © The Royal Society of Chemistry 2019
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Hence, there still a huge challenge of high-specicity dual-
modal microbubbles for diagnosis and treatment of TNBC.16

In this work, we designed a drug carrier system, PTX-loaded
RGD-lipid microbubbles (PTX@RGD-MBs) combining ultra-
sonic targeted microbubble destruction (UTMD), by the thin-
lm hydration-sonication method (Fig. 1), where RGD peptide
(three peptides, arginine–glycine–aspartic acid) as tumour
active targeting peptide to precisely guide microbubbles to
TNBC cells,17–19 PTX in oil layer as chemotherapeutic agent to
kill TNBC cells, sulfur hexauoride (SF6) as internal gas of
microbubbles to generate contrast enhanced ultrasound (CEUS)
images through the nonlinear harmonics,20 along with UTMD
to promote PTX's internalization.21 As shown in Fig. 1,
PTX@RGD-MBs consisted of a gaseous core, a lipid layer with
hydrophobic tails facing the gaseous core and the hydrophilic
head groups facing the aqueous environment. This system had
the following advantages: (i) the tumour active targeting peptide
RGD could precisely guide MBs to TNBC tumour cells through
the high affinity to integrin avb3 receptor which was highly
expressed in TNBC cells and its angiogenesis, whereas poorly
expressed in normal tissues. (ii) The cellular internalization was
improved that because UTMD not only generated shear stress
on cells to open transient pores on the membranes, so as to
improve the microbubbles penetrating into the cellular
membrane, but also enforced microbubbles bursting the
internal gas to rapidly release PTX as needed.22–24 (iii) The SF6 as
internal gas of MBs could greatly improve the resolution and
sensitivity of traditional US images through the nonlinear
harmonics so as to enhance the comparison between lesions
and surrounding normal tissues.

In this study, we reported tumour targeted ultrasound
contrast enhanced US imaging dual-modal microbubbles
PTX@RGD-MBs and demonstrated its higher internalization by
TNBC cells with the help of tumour active targeted peptide RGD
and UTMD, and further justied the improved therapeutic
effect on TNBC cells in vitro. We then validated the excellent
Fig. 1 Schematic route of PTX@RGD-MBs. Synthetic steps: (i) uniform PT
method; (ii) freeze-drying to remove the inner water of microbubbles; (i
the bottle vigorously until the freeze-dried powder was completely disp

This journal is © The Royal Society of Chemistry 2019
CEUS imaging of PTX@RGD-MBs in vitro and in vivo. In
summary, the dual-modal microbubbles PTX@RGD-MBs
provided a better method for diagnosing and treating the TNBC.
Results and discussion
Tumour targeted dual-modal microbubbles PTX@RGD-MBs

The carrier material of targeted dual-modal microbubbles was
constructed with three biocompatible materials: RGD-PEG-
DPPE (1,[2-dipalmitoyl-sn-glycerol-3-phosphoethanolamine]-N-
[amino (polyethylene-glycol)]), DPPC (1,2-dipalmitoyl-sn-
glycerol-3-phosphoethanolamine), and cholesterol. The DPPE,
DPPC and cholesterol were the most important cells membrane
composition, feasibly adopting by cells. PEG is a biodegradable
biomaterial approved by FDA (Food and Drug Administration)
for using in the human body.26 RGD peptide is composed of
human body available amino acids.25 Therefore, RGD-lipid
microbubbles were considered as a suitable biocompatible
biomaterial to deliver drugs. First-line regiment PTX for TNBC
and the inert gas SF6 were encapsulated into the microbubbles
to realize the treatment and diagnosis of TNBC.

The condensation reactions of carboxyl and amino groups
could effectively combine the targeted peptides to organic
materials with few by-products.26 The carboxyl groups of RGD
peptide was reacted with the amine groups of DPPE-PEG-NH2 to
form DPPE-PEG-RGD. As illustrated in 1H NMR spectra, both
the proton peak of RGD (–CH3– at d 1.4) and the PEG segment
peaks (–CH2CH2O– at d 3.7) from DPPE-PEG-NH2 was observed
in the spectra of DPPE-PEG-RGD with a ratio of 188 : 24.39,
demonstrating successful conjugation. The ideal ratio of proton
peak from DPPE-PEG-NH2 (–CH2CH2O– at d 3.7) and RGD
(–CH3– at d 1.4) was 188 : 26, so that 93.80%DPPE-PEG-NH2 was
terminally modied with RGD peptides (Fig. 2A). The thin lm
hydration method was used to prepare PTX@RGD-MBs in three
steps that (Fig. 1): rst, three materials self-assemble to load
PTX to formulate PTX-loaded RGD-MBs; second, freeze-drying
X-loaded RGD-lipid particles were prepared using ultrasonic-hydration
ii) blowing SF6 and re-dissolving the microbubbles, along with shaking
ersed to obtain “PTX@RGD-MBs”.

RSC Adv., 2019, 9, 5682–5691 | 5683
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Fig. 2 Tumour targeted dual-modal microbubbles of PTX@RGD-MBs. (A) 1H NMR hydrogen spectrum analysis showed that DPPE-PEG-NH2

was successfully connected to RGD peptide. Compared with DPPE-PEG-NH2, DPPE-PEG-RGD appeared chemical displacement of RGD
peptide' hydrogen (at d 1.4) and PEG' hydrogen (at d 3.7), indicating that the RGD peptide was successfully attached to DPPE-PEG. (B) PTX@RGD-
MBswas uniformly spherical with good dispersion and no obvious agglomeration by TEM images. (C) The average particle size of PTX@RGD-MBs
was 1741.67 � 67.72 nm with the PDI of 0.106 � 0.019. (D) Zeta potential of PTX@RGD-MBs was �0.665 � 0.033 mV.
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to obtain hollow microbubbles; third, blowing SF6 and re-
dissolving the microbubbles with shook to push the gas
diffusing into MBs to obtain PTX@RGD-MBs.27 Due to the
hydrophilic of PEG, the PTX@RGD-MBs was uniformly dis-
solved in the solution, along with spherical appearance and
smooth surface without conjugation (Fig. 2B). The size and zeta
potential of PTX@RGD-MBs were 1741.67 � 67.72 nm (Fig. 2C)
and �0.665 � 0.033 mV (Fig. 2D) respectively. The poly-
dispersity index (PDI) was 0.106. The PTX@RGD-MBs exhibited
an excellent drug encapsulation efficiency (EE%) of 91.07% and
a drug loading (DL%) of 4.01% for PTX (Table 1), suggesting the
prevention from side effects created by unbound chemothera-
peutic drugs.

According to the structure of PTX@RGD-MBs, the exposed
PEG hydrophilic chain can effectively enhance the stability of
MBs and extend circulation time in blood. The peptide RGD,
locating the surface of the MBs, guaranteed the MBs to recog-
nize the integrin avb3 receptor of TNBC cells. Moreover, the
cavity acoustic structure of lipid microbubbles not only
provided a basis for the ultrasound contrast enhanced imaging
properties, but also provided a precondition for UTMD to
promote PTX@RGD-MBs to rapidly release PTX.
UTMD promoted PTX@RGD-MBs rupturing to release
chemotherapeutic agent in vitro

Lipid bilayer of PTX@RGD-MBs was able to prevent the rapid
release of PTX in circulation, so as to reduce the systemic toxic
and side effects of PTX. Later, the active targeting peptide RGD
would aid PTX@RGD-MBs to accumulate around tumour
tissues and gradually release PTX. At this point, we applied
UTMD with appropriate intensity at the tumour site, along with
Table 1 The characterization of PTX@RGD-MBs

MBs Particle size (nm) PDI

PTX-MBs 1741.67 � 67.72 0.106

5684 | RSC Adv., 2019, 9, 5682–5691
rapid release of PTX to increase the concentration in region as
well as improve the cellular internalization.

We conducted a drug releasing test in vitro to compare the
PTX's release prole of PTX@RGD-MBs combining UTMD with
those of PTX@RGD-MBs alone and free PTX (Fig. 3A). In our
study, free PTX was released instantly that, more than 30% was
released at 0.5 h, 80% at 12 h and almost completely released at
24 h. In contrast, the cumulative release amount of PTX from
PTX@RGD-MBs was no more than 30% within 12 h and only
80% at 96 h, showing apparent sustained characteristic. In
addition, PTX showed a biphasic release pattern in PTX@RGD-
MBs + UTMD group, which was slowly released from the MBs
initially (30% aer 10 h) and instantly released aer treating by
UTMD at 10 h (from 30% to 70% within 2 h) similar to free PTX.
This phenomenon demonstrated that the UTMD can induce the
sonoporation effect to rupture and distort the shape of
PTX@RGD-MBs into irregular damaged spherical structure
(Fig. 3B), conducing the PTX's release. Hence, PTX@RGD-MBs
can not only control the release rate of PTX, but also the
release site combining UTMD.

Compared with free PTX, the PTX@RGD-MBs was able to
effectively slow down the release rate of PTX in circulation,
thereby reducing toxicity to normal organs and alleviating
systemic side effects. Moreover, UTMD could prompt theMBs to
rupture and rapidly release PTX at the appropriate time and
location, laying a theoretical foundation for the next step of
anti-tumour efficiency experiment in vitro.
High stability and negative cytotoxicity of lipid microbubbles

The integrity and nontoxicity of MBs are the basic indexes
which claim good stability and biocompatibility, affecting by
Zeta potential (mV) EE (%) DL (%)

�0.665 � 0.033 91.07 � 2.51 4.01 � 0.05

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 UTMD promoted PTX@RGD-MBs rupturing to release
chemotherapeutic agent. (A) The release profiles of virial PTX formu-
lations. PTX released much slower from PTX@RGD-MBs compared
with unbounded PTX, indicating of sustained release property and
protection during the circulation environment. UTMD pushed the
microbubbles rupturing to release drug, illustrating as PTX@RGD-MBs
+ UTMD group at 10 h, suggesting drug accumulation at targeting site.
(B) PTX@RGD-MBs became irregular compared with the original
spherical structure by treating with UTMD.

Fig. 4 The stability of PTX@RGD-MBs and negative cytotoxicity of the
blank lipid microbubbles. (A) PTX@RGD-MBs can be stored at room
temperature in PBS for 24 h without obvious rupture, with particle size
of 1200–1600 nm and PDI < 0.3. PTX@RGD-MBs would disintegrate
after 72 h with decreased size. (B) 80% MDA-MB-231 breast cancer
cells were survived after incubated with blank lipid microbubbles (1–
500 mg mL�1) for 24 h, 48 h and 72 h, indicating negative toxicity of
lipid microbubbles.
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the gas escape and the rupture of the inner membrane. Hence,
in this work, several methods were conducted to stable the
PTX@RGD-MBs: rst, cholesterol was used to ll the space
between the phospholipids, making them more tightly
arranged to improve the stability of lipid microbubbles; second,
the physical and chemical properties of inert gas SF6 were
stable, reducing the escape diffusion of the gas and being
benecial to the stability of the MBs;28 third, DPPE-PEG-RGD
with a long chain of hydrophilicity on the surface of the MBs
was able to adsorb water molecules to form hydrated
membranes, signicantly reducing the surface tension of MBs,
preventing collision and polymerization between MBs, and
improving the stability of lipid microbubbles. Also, biodegrad-
able DPPE-PEG materials ensured the excellent biocompati-
bility of MBs.29

Then, the size and PDI were detected aer dispersed the
PTX@RGD-MBs into the solutions. As demonstrated,
PTX@RGD-MBs can be stored at room temperature in PBS
solution for at least 48 h without any obvious rupture, with the
particle size of 1200–1600 nm and PDI < 0.3 (Fig. 4A). Aer
continued storage for more than 72 h, the PTX@RGD-MBs
gradually became cloudy and precipitated with decreased size
This journal is © The Royal Society of Chemistry 2019
and increased PDI. The results showed that the PTX@RGD-MBs
solution was stable at room temperature for 48 h without
appearance alteration, comparing to the SonoVue solution of
6 h at room temperature (SonoVue introduction), indicative of
better stability of PTX@RGD-MBs solution for 48 h aer
dispersion.

TheMTTmethod was used to test the relative proliferation of
MDA-MB-231 cells (human TNBC cell line) aer incubated with
lipid MBs of various concentrations (0.001, 0.005, 0.01, 0.02,
0.05, 0.1, 0.2 and 0.5 mg mL�1) for 24, 48 and 72 h. The results
showed that the survival rate of TNBC cells in all groups was
above 80%, suggesting the lipid MBs has negligible effect on
cells' viability. This result determined that lipid MBs had
excellent biocompatibility and negligible toxicity toward TNBC
cells (Fig. 4B).

Improved drug internalization and inhibited proliferation of
TNBC cells by RGD-MBs + UTMD in vitro

Effective internalization by TNBC cells is a prerequisite for
chemotherapy drugs to kill the tumour cells. In this work, the
RGD-MBs + UTMD were designed to promote drugs internali-
zation and further improve the treatment effect to TNBC cells by
delivering more RGD-MBs around tumour cells through peptide
RGD,17 and punching transient holes on the cells membrane
surface by sonoporation effect inducing by UTMD.11
RSC Adv., 2019, 9, 5682–5691 | 5685
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Fig. 5 RGD-MBs + UTMD induced higher drug internalization, along with lower proliferation of MDA-MB-231 breast cancer cells. (A) Fluo-
rescence images and (B) the statistics of the internalization ability of unbounded Rb and Rb@RGD-MBs byMDA-MB-231 cells. The internalized Rb
ranged from more to less: Rb@RGD-MBs + UTMD > free Rb + UTMD > Rb@RGD-MBs > free Rb. Note: ***P < 0.001; **P < 0.01; *P < 0.05,
compared with free Rb group. (C) TheMDA-MB-231 cells treatedwith virial formulations (***P < 0.001; **P < 0.01; *P < 0.05, compared with free
PTX group). The cell viability decreased in order of PTX@RGD-MBs + UTMD > PTX@MBs + UTMD > free PTX + UTMD > PTX@RGD-MBs > free
PTX, which was consistent with the results of the TNBC cells internalization of drugs.
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The internalization and intracellular distribution of the
RGD-MBs in TNBC cells (MDA-MB-231) were observed through
uorescence inverted microscope. The PTX was replaced by Rb
(rhodamine B, red uorescent probe) to prepare Rb@RGD-MBs.
As shown in Fig. 5A and B, the intracellular uorescence
intensity inMDA-MB-231 cells for different groups was observed
in the following order: Rb@RGD-MBs + UTMD > free Rb +
UTMD > Rb@RGD-MBs > free Rb (Fig. 5B), with time depen-
dence. Rb@RGD-MBs strongly enhanced the cellular
Fig. 6 The distribution of tumor targeting MBs in nude mice TNBC xeno
The Dir mainly distributed in the abdominal cavity in free Dir (D) and Dir-
(red circle) in Dir-MBs-RGD (DRM) and Dir-MBs-RGD + UTMD (DMR + U
Quantitative average fluorescent intensities in tumors. Fluorescent intens
RGD group, suggesting UTMD was able to promote the release of drugs
group. (C) The ex vivo fluorescence images and (D) the quantitative inten
(Lu) and kidneys (K) after intravenous injection of various formations for 4
was significantly stronger than other groups, indicative of higher tumor

5686 | RSC Adv., 2019, 9, 5682–5691
internalization of drug (P < 0.01) compared to the free Rb. Also,
UTMD aided the cells to intake more drugs by inducing the
sonoporation effect to open transient pores on cells membrane,
leading to stronger uorescence intensity in free Rb + UTMD
group than free Rb group (P < 0.01). In addition, the uores-
cence intensity of Rb@RGD-MBs + UTMD group was obviously
stronger than that of Rb@RGD-MBs (P < 0.05) and free Rb +
UTMD group (P < 0.05) by combing the active targeting peptide
RGD or UTMD alone. Therefore, the effective intracellular
grafts. (A) The fluorescence images after injecting various formations.
MBs + UTMD (DM + U) groups, while it was remained in tumor tissues
) groups, suggesting the tumor targeting ability of RGD-MBs-NPs. (B)
ity in Dir-MBs-RGD + UTMD group was stronger than that of Dir-MBs-
in tumor. *P < 0.05, **P < 0.01, ***P < 0.001, compared with free Dir
sities of the isolated tumors (T), hearts (H), livers (Li), spleens (S), lungs
8 h. The fluorescent intensity of Dir-MBs-RGD + UTMD group in tumor
accumulation.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Enhanced contrast imaging of PTX@RGD-MBs in vitro and vivo. The ultrasonic imaging experiments (A) in vitro and (B) in vivo. The
capability of PTX@RGD-MBs producing CEUS images was investigated using peristaltic pump in vitro and TNBC subcutaneous tumours in vivo.
(C) Ultrasound contrast images of PTX@RGD-MBs in vitro. SonoVue and PTX@RGD-MBs showed strong point echo in both of the conventional
B-mode and CEUSmodel, compared with echoless of the saline water. (D) Ultrasound contrast images of PTX@RGD-MBs in vivo. Obvious CEUS
images were observed in both PTX@RGD-MBs and SonoVue groups with no significant differences, while no CEUS images were observed after
the injection of saline, indicating that PTX@RGD-MBs with local injection have a satisfied development in vivo.
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concentration of TNBC cells in Rb@RGD-MBs + UTMD group
was signicantly improved, which laid a foundation for future
curative experiments.

Due to the excellent properties and characteristics,
PTX@RGD-MBs + UTMD generated signicant curative effect
on TNBC cells. MTT test was carried out to reveal the curative
effect by detecting the cell viability aer incubated with
PTX@RGD-MBs + UTMD, PTX@MBs + UTMD, PTX@RGD-MBs,
free PTX + UTMD and free PTX for 24 h, 48 h and 72 h. The
inhibition effect on the cells proliferation of different groups
was in the following order: PTX@RGD-MBs + UTMD >
PTX@MBs + UTMD > free PTX + UTMD > PTX@RGD-MBs > free
PTX in a time-dependent manner (Fig. 5C), which was consis-
tent with the results of the internalization of drugs in TNBC
cells. PTX@RGD-MBs effectively inhibited cells proliferation
compared to the free PTX (P < 0.01). Also, UTMD promoted the
cellular internalization of PTX, leading to better treatment effect
in free PTX + UTMD group than free PTX group (P < 0.01). In
addition, the curative effects in PTX@RGD-MBs + UTMD group
was manifestly stronger than all PTX@MBs + UTMD (P < 0.05),
PTX@RGD-MBs (P < 0.01) and free PTX + UTMD groups (P <
0.01), suggesting combined application of RGD peptide and
UTMD could achieve best therapeutic effect. Notably, either
PTX@MBs + UTMD or PTX@RGD-MBs group alone could not
achieve satisfactory therapeutic effect because peptide RGD
alone could not effectively push internalization by TNBC cells,
whereas UTMD alone could not precisely guide the PTX to TNBC
cells.

In conclude, satisfactory therapeutic effect was achieved
through combing active targeting peptide RGD to precisely
This journal is © The Royal Society of Chemistry 2019
delivery the drugs to tumour site, and UTMD to effectively push
the drug internalization.

Bio-distribution evaluation and tumour targeting of
PTX@RGD-MBs in nude mice TNBC xenogras

MBs was labelled by red uorophore 1,1-dioctadecyl-3,3,3,3-
tetramethylindotricarbocyaine iodide (Dir) to evaluate the bio-
distribution in the subcutaneous TNBC tumour model
(Fig. 6A). The Dir distributed around the whole body aer 2 h
and did not disappear aer 48 h. The uorescence intensities in
tumours increased in the order of free Dir (D) < Dir-MBs +
UTMD (DM + U) < Dir-MBs-RGD (DMR) < Dir-MBs-RGD + UTMD
(DMR + U) in all time points (Fig. 6B). In the free Dir group, the
uorescence was mainly distributed in the abdominal cavity
and barely observed in the tumour. The uorescent was brighter
in the tumour of DRM + U and DRM groups than that of free Dir
group, indicating that the tumour targeting peptide RGD
effectively induced the MBs to accumulate in the TNBC tumour.
Besides, the accumulation of uorescent signals in tumours of
DMR + U group was stronger than that of DMR group, sug-
gesting that UTMD was able to enhance the release of drugs
fromMBs to accumulate them in tumour tissues. Aer injection
of various formulations for 48 h, the mice were sacriced and
the major organs were harvested to evaluate the bio-
distributions. As shown in Fig. 6C and D, the Dir mainly
distributed in liver organs in all groups, and the tumour's
uorescent intensity in the DMR + U group was the strongest
among all groups, along with lowest intensities in other normal
tissues and organs, which also demonstrated the improved
tumour targeting ability.
RSC Adv., 2019, 9, 5682–5691 | 5687
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Together, these results demonstrated that the tumor target-
ing peptide RGD and UTMD signicantly increased the drugs'
concentration in tumours. As a result, RGD-MBs with UTMD not
only helped the drug to accumulate in tumor tissues for better
therapeutic effect, but also effectively reduced the toxicity of the
drug on normal tissues.
CEUS imaging of PTX@RGD-MBs for precise diagnosis and
evaluation

Ultrasound microbubble contrast agent could signicantly
enhance the ultrasonic scattering signal through MBs'
destruction inducing by sound wave, along with producing high
quality CEUS images for better diagnosis and evaluation of
TNBC tumour. The capability of PTX@RGD-MBs producing
CEUS images was detected using peristaltic pump in vitro
(Fig. 7A) and TNBC subcutaneous tumours in vivo (Fig. 7B).

Under the conventional B-mode model, the hose lled with
PTX@RGD-MBs solution displayed small point with strong
echo in vitro, whereas SonoVue displayed strong coarse point
echo. In contrast, the hose lled with saline water was observed
as black in vitro. Under the CEUS mode, the saline solution
showed no echo, SonoVue displayed a signicant amount of
big-dotted echo, and the PTX@RGD-MBs displayed a large
amount of small-dotted echo, which proved that PTX@RGD-
MBs yielded effective CEUS images in vitro (Fig. 7C).

The subcutaneous tumour of TNBC nude mice model was
utilized to explore the CEUS imaging by local injection of
PTX@RGD-MBs in vivo. No contrast-enhanced images were
captured in saline solution group, while excellent CEUS images
were observed in either PTX@RGD-MBs or SonoVue solution
with no signicant differences in tumour site (Fig. 7D), indi-
cating that CEUS images were satisfactory in breast cancer
tumours with intratumoural administration of PTX@RGD-MBs.
It was noted that,16,30 CEUS images in tumours were not
captured aer intravenous injection of PTX@RGD-MBs or
SonoVue solution, because of the poorly distributed new vessels
in the tumour parenchyma of the subcutaneous tumour in nude
mice,31,32 which causing rarely MBs to immediately reach the
interior of tumours as well as no CEUS images in tumour.

In conclude, PTX@RGD-MBs as a US contrast agent,
produced high quality CEUS imaging in vitro and in vivo, and
improved the resolution and sensitivity of conventional US
images, which was particularly valuable in the diagnosis and
evaluation of tumours.
Conclusions

The poor clinical therapy effect on TNBC was a worldwide
problem, which required early precisely diagnosis and treat-
ment method. Hence, we designed a tumour targeted dual-
modal microbubbles PTX@RGD-MBs to improve the resolu-
tion and sensitivity of conventional US images for tumour
diagnosis as well as to enhance the ability of killing tumour
cells. This lipid microbubble consisted of the chemotherapeutic
agent PTX for killing cancer cells, internal gas SF6 generating
CEUS images through the nonlinear harmonics, lipid shell to
5688 | RSC Adv., 2019, 9, 5682–5691
encapsulate drug and gas, and peptide RGD for active tumour
targeting. Under the UTMD, the ultrasound exposure could
generate shear stress on TNBC cells to open transient pores on
cell membranes, efficiently improve the penetration of MBs to
the cells membrane with increased intracellular PTX for better
treatment effect on TNBC cells. In addition, as ultrasound
contrast agents, PTX@RGD-MBs produced high quality CEUS
images in vitro and in vivo, improved the resolution and sensi-
tivity of US imaging and enhanced the comparison between
lesions and surrounding normal tissues. Thus, the combination
of dual-modal microbubbles PTX@RGD-MBs and UTMD pre-
sented a wider range of applications in treatment and diagnosis
of TNBC.

Experimental section
Materials

1,2-Dipalmitoyl-sn-glycerol-3-phosphoethanolamine (DPPC)
and 1,[2-dipalmitoyl-sn-glycerol-3-phosphoethanolamine]-N-
[amino(polyethylene glycol)] (DPPE-PEG2000-NH2) were
purchased from Ponsure Biotechnology (Shanghai, China, Lot).
The commercial SonoVue®, diluting with 5 mL of saline to form
MBs, was purchased from Bracco Diagnostics Inc (Geneva,
Switzerland). PTX was purchased from Dalian Meilun Biology
Technology Co., Ltd (Dalian, China). 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) and N-hydrox-
ysuccinimide (NHS) were purchased from Sigma-Aldrich Co.,
Ltd (Shanghai, China). RGD peptide was purchased from
CornerStone Therapeutics (Shanghai), Ltd (Shanghai, China). 1-
(3-Dimethylamino-propyl)-3-ethylcarbodiimide hydrochloride
(EDC) and cholesterol were purchased from Sinopharm
Chemical Reagent Co., Ltd (China).

MDA-MB-231 triple-negative breast cancer cell line was
provided by the State Key Laboratory of Oncogenes and Related
Genes, Shanghai Cancer Institute (Shanghai, China). BALB/c
nu/nu female mice, weighing 18–20 g, were provided by the
Animal Experiment Centre of Shanghai Cancer Institute. All
animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Shanghai
Jiao Tong University and approved by the Animal Ethics
Committee of Shanghai Cancer Institute (License no. SYXK (Hu)
2012-0001).

Mouse tumour model

The human MDA-MB-231 breast cancer cells suspension in the
DMEM medium was subcutaneously injected into the right
back of the nude mice (0.1 mL, 1� 107 cells per mL per mouse).
The mice with a tumour size of 0.6–0.8 cm were used for further
experiments.33

Synthesis and characterization of DPPE-PEG-RGD

First, RGD (6.62 mmol), EDC (7.28 mmol) and NHS (7.94 mmol)
were dissolved in 10 mL DMSO solution. Aer the mixture was
stirred for 1 h at 25 �C, the DPPE-PEG-NH2 (5.94 mmol) were
added into the solution. The molar ratios of each component
were that RGD : DPPE-PEG-NH2 : EDC : NHS ¼ 1 : 0.9 : 1.1 : 1.2.
This journal is © The Royal Society of Chemistry 2019
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The mixed solution was stirred to react for 8 h at room temper-
ature. Second, the solution was dialyzed against 1000mLdistilled
water using a dialysis bag (Mw: 2000) to remove the le RGD
peptides (Mw: 754). Aer drying under vacuum, DPPE-PEG-RGD
was obtained as yellow powder and stored at �20 �C. The
chemical structure of DPPE-PEG-RGD was conrmed by nuclear
magnetic resonance (NMR) spectroscopy.
Preparation of PTX-loaded RGD-lipid microbubbles
(PTX@RGD-MBs)

At rst, the PTX@RGD-MBs was prepared using a thin lm
hydration method. Briey, 2 mg DPPE-PEG-RGD, 250 mg
cholesterol, 500 mg DPPC and 0.1 mg PTX were dissolved in
2 mL of trichloromethane solution (PTX 0.05 mg mL�1), in
which the mixed lm was formed by rotary evaporation. Then,
5 mL of PBS solution was added to hydrate the lm for 30 min
at 37 �C. Next, the solution was ultrasonic dispersion for 60 s
(2–2 s 400 W) by an ultrasonic processor (JY92-2D Ultrasonic
cell crusher, Ningbo SCIENTZ biotechnical Co., Ltd). The lipid
particles solution was then freeze-dried and placed in a 20 mL
vacuum ampere bottle. 10 mL SF6 and 5 mL saline were injec-
ted into the ampere bottle, followed by shaking the bottle
vigorously until the freeze-dried powder was completely
dispersed to obtain PTX@RGD-MBs solution (the concentra-
tion of PTX was 0.02 mg mL�1). To satisfy the demands of
different experiments, during the preparation of PTX@RGD-
MBs, the PTX was replaced by 50 mg Rb (rhodamine B, red
uorescent probe) to prepare Rb@RGD-MBs (the concentration
of Rb was 10 mg mL�1).34
Physical and chemical properties of PTX@RGD-MBs

The size and surface potential of MBs were evaluated using the
Zetasizer IV analyzer (Malvern Zetasizer Nano ZS90, Malvern,
UK). To observe the morphology of the MBs, the MBs solution
was dropped onto a 300-mesh carbon-coated copper grid and
the excess solution was removed using a lter paper. The grid
was allowed to dry at room temperature and was observed using
transmission electron microscopy (TEM) (H-800, Hitachi,
Japan).

The concentration of PTX was determined by HPLC (Agilent
1200, USA) with a C18 chromatographic column (Zorbax SB-C18,
150 � 4.6 mm, 5 mm). The mobile phase was acetonitrile:
10 mmol L�1 NH4Ac solution (pH ¼ 5.0) 53 : 47 at a ow rate of
1.0 mL min�1, and the detection wavelength was 227 nm.

The PTX encapsulated in MBs was assessed using HLPC.
Briey, MBs solution was centrifuged (5000 rpm � 5 min) to
remove precipitated PTX,35,36 and the concentration of PTX in
the supernatant was determined by HLPC to obtain the unen-
capsulated amount. The MBs was broken using acetonitrile to
release the inner PTX and detected by HPLC to obtain the total
amount of PTX. The drug encapsulation efficiency (EE%) was
expressed as the percentage of the amount of PTX encapsulated
in the MBs (centrifuged MBs solution) in relation to the total
amount of PTX initially added (non-centrifuged MBs solution).
The drug loading (DL%) was expressed as the percentage of the
This journal is © The Royal Society of Chemistry 2019
amount of PTX encapsulated in the MBs with regards to the
total amount of MBs.

EE%¼ (the amount of the drug in MBs/the amount of total drug)

� 100%

DL% ¼ (the amount of the drug in MBs/the amount of material

used) � 100%
Ultrasound contrast imaging analysis of PTX@RGD-MBs in
vitro

The 5 mL saline, SonoVue and PTX@RGD-MBs were injected
into the transparent plastic hose without any visible bubbles.
The speed of peristaltic pump (Baoding leifu uid technology
co. LTD, Hebei, China) was 60 rpm to simulate the internal
circulation. The hose was immersed into water, and the images
were collected by Ultrasonography (VEVO®2100 Small animal
ultrasonic imaging platform, Visual Sonics co. LTD, Hong Kong,
China) with the conventional B-mode model and the CEUS
mode model. Note: the model of ultrasonic probe was MX250S;
ultrasonic frequency was 12.5 MHz; the pulse duration was
1 min.
Ultrasound contrast imaging analysis of PTX@RGD-MBs in
vivo

The anesthetized tumour-bearing nude mice were randomly
divided into three groups. By the real-time guidance of ultra-
sound, the subcutaneous tumours were punctured with
a syringe, along with intratumoural injection of 0.5 mL saline,
SonoVue and PTX@RGD-MBs solution. Ultrasonography was
used to capture the pre- and post-injection images of tumours
under the conventional B-mode model and the CEUS model.
The post-injection images of tumours were acquired immedi-
ately aer the injection of either PTX@RGD-MBs or SonoVue
solution.
Release proles of PTX@RGD-MBs in vitro

Release proles of PTX from PTX@RGD-MBs in vitro were
investigated using dialysis bag (Mw cutoff: 3500; Millipore,
USA). PBS buffer (pH 7.4, with 1 M sodium salicylate) was used
as the medium at 37 �C. PTX@RGD-MBs were suspended to
2 mL and dialyzed against 18 mL PBS using a dialysis bag in
a constant-temperature shaker with 80 rpm. The PTX@RGD-
MBs groups were randomly divided into two groups. For one
of PTX@RGD-MBs groups, the PTX@RGD-MBs solution and
medium were treated by UTMD (therapeutic ultrasound
apparatus topteam161, Chattanooga Company, USA) with
a frequency of 1.5 MHz for 1 min at 10 h. In addition, free PTX
was tested as the control. For these three groups, 200 mL of
dialyzed solution were collected and the same volume of fresh
buffer was added at 0.5, 1, 2, 4, 8, 12, 24, 48, 72, 96, 120, 144 h.
The concentrations of PTX were determined using HPLC.
RSC Adv., 2019, 9, 5682–5691 | 5689
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Cell viability analysis by MTT assay

The cytotoxicity of lipid microbubbles on MBA-MD-231 breast
cancer cells was evaluated by the MTT assay. The MBA-MD-231
breast cancer cells were seeded into 96-well plates and cultured
overnight. And then, the medium was replaced with a series of
concentrations of lipid microbubbles (1–500 mg mL�1). Aer
further cultured for 24, 48 and 72 h, fresh DMEM with MTT
(0.5 mg mL�1) was added into each well and incubated for 4 h.
Aer incubation, the resulting formazan was dissolved in 150
mL of DMSO and detected at 490 nm using a Microplate Reader
(Bio-Rad Laboratories Inc. Hercules, CA, USA). We also tested
the cytotoxicity of PTX@RGD-MBs against MBA-MD-231 cells
(PTX 10 mg mL�1).

Cellular uptake assay

MBA-MD-231 breast cancer cells were seeded in six-wells
culture plate and then exposed to free Rb and Rb@RGD-MBs
(Rb: 5 mg mL�1). They were incubated for 2, 6 and 12 h,
respectively. The free Rb and Rb@RGD-MBs groups were
randomly divided into two groups. One of free Rb and
Rb@RGD-MBs groups were treated using UTMD with
a frequency of 1.5 MHz for 30 s at 0, 4 and 10 h. The cells were
washed 3 times with PBS and stained with Hoechst33342 for
5 min. The intracellular distribution of Rb was visualized with
uorescence inverted microscope (Huarui Chemical Instru-
ment Inc. Guangdong, China).

Live imaging using an in vivo uorescence imaging system

The mice were divided into four groups randomly (n ¼ 3). Free
Dir, Dir-MBs + UTMD, Dir-MBs-RGD and Dir-MBs-RGD + UTMD
were administered by intravenous injection when the volume of
the tumors reached about 100 mm3. Then, at 2, 4, 8, 24 and 48 h
post-injection, the nude mice were anesthetized, and uores-
cence was observed using In Vivo Imaging Apparatus (LB983,
Berthold Technologies Gmbh & Co. KG, Bad Wildbad, Ger-
many). Aer the experiment, the nude mice were separately
sacriced. Their hearts, livers, spleens, lungs, kidneys, brains
and tumors were harvested and also observed with the In Vivo
Imaging Apparatus (Ex was 649 nm, Em was 666 nm). UTMD
was used with a frequency of 1.5 MHz for 30 s at 1, 3, 7, 23 and
47 h in Dir-MBs + UTMD and Dir-MBs-RGD + UTMD groups.
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